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1905Coronary computed tomography angiography (CTA) is an
established noninvasive method for the assessment of the
coronary artery anatomy. It is particularly useful for the
exclusion of coronary artery disease because of
the technique’s established high sensitivity and negative
predictive value (NPV) (1). However, CTA has been shownSee page 1913
CTA = coronary computed
tomography angiography
CTP = computed
tomography perfusion
FFR = fractional ﬂow reserve
IDI = integrated
discrimination improvement
IP = integrated protocol
MDCT = multidetector
computed tomography
NPV = negative predictive
value
NRI = net reclassiﬁcation
index
PPV = positive predictive
value
QCA = quantitative coronary
angiography
TAG320 = transluminal
attenuation gradient by
320-detector row computed
tomographyto have limited speciﬁcity and positive predictive value
(PPV) for predicting functionally signiﬁcant stenoses (2).
Several methods, such as computed tomography (CT) stress
myocardial perfusion imaging (CTP), transluminal atten-
uation gradient (TAG), and coronary CTA–derived com-
puted fractional ﬂow reserve (FFR), have been developed
in an attempt to improve the diagnostic accuracy of CTA
(3–5). Although CTP has been demonstrated to enhance
detection for functionally signiﬁcant stenoses, it requires
additional iodinated contrast and radiation exposure (3,6,7).
The diagnostic accuracy of TAG by 320-detector row CT
(TAG320), which enables near isophasic, single-beat imag-
ing of the entire coronary tree, has been recently demonstrated
(4). However, no studies have compared the diagnostic ac-
curacy of CTA, CTP, and TAG320. Our primary aim was to
compare the diagnostic accuracy of CTA, combined CTP þ
CTA, and combined TAG320 þ CTA assessments.
Furthermore, we assessed the diagnostic accuracy of an inte-
grated approach (MDCT-IP) that combines CTA, CTP,
and TAG320 assessments. Invasive fractional ﬂow reserve
(FFR), a well-established and highly accurate invasivemethod
to assess the functional signiﬁcance of coronary stenosis, was
used as the reference standard (8,9).Methods
Patients. We examined consecutive patients who under-
went CTA, CTP, and FFR assessment in our institution
within a 2-month interval, between July 2009 andMay 2011.
This included symptomatic patients with known coronary
artery disease who were considered for revascularization, and
symptomatic patients with suspected coronary artery disease
awaiting invasive coronary angiography. In all cases, cardiac
CT was performed for the purpose of research. FFR was
performed in vessels with 30% visual stenosis on diag-
nostic coronary angiography. Subtotally occluded and
occluded vessels were excluded. Exclusion criteria included
age younger than 40 years, atrial ﬁbrillation, high-grade
atrioventricular block, renal insufﬁciency (estimated
glomerular ﬁltration rate <60 ml/min/1.73 m2), broncho-
spastic lung disease requiring long-term steroid therapy,
morbid obesity (body mass index [BMI] 40 kg/m2),
myocardial infarction within 3 months, history of coronary
artery bypass grafting or intractable heart failure, and con-
traindications to iodinated contrast. Patients were instruc-
ted to refrain from smoking or using tea, aminophylline,
calcium antagonists, or nitrates for 24 h before the tests. ForTAG320 analysis, patients with
more than 50% stenosis in the
left main coronary artery, branch
vessel disease, distal vessel
disease <2 mm in diameter, or
chronic total occlusions were not
included. The study was app-
roved by our institutional human
research ethics committee.
Invasive coronary angiography
and FFR. Invasive coronary
angiography was performed as
per standard clinical practice via
either a femoral or radial app-
roach. For FFR, the pressure
wire (Certus Pressure Wire, St.
Jude Medical Systems, St. Paul,
Minnesota) was calibrated and
electronically equalized with the
aortic pressure before being
placed distal to the stenosis in
the distal third of the coronary
artery being interrogated. Intra-
coronary glyceryl trinitrate (100 mg)
was injected to minimize vaso-
spasm. Intravenous adenosine
was administered (140 mg/kg/min)
through an intravenous line in
the antecubital fossa. At steady-state hyperemia, FFR was
assessed using the RadiAnalyzer Xpress (Radi Medical
Systems, Uppsala, Sweden), calculated by dividing the mean
coronary pressure measured with the pressure sensor placed
distal to the stenosis by the mean aortic pressure measured
through the guide catheter. A FFR of 0.8 was taken to
deﬁne ischemia in the interrogated artery and its supplied
territory (8,10).
Quantitative coronary angiography. Quantitative coro-
nary angiography (QCA) was undertaken on all coronary
arteries 1.5-mm diameter, employing a 19-segment cor-
onary model according to the SYNTAX classiﬁcation (11).
QCA was performed using a semiautomated edge detection
system (QAngio XA 7.3, Medis, Leiden, the Netherlands)
by an experienced cardiologist (B.S.K.) who was blinded to
FFR and CT ﬁndings.
CT protocol. Cardiovascular medications were ceased 48 h
before CTA, apart from beta-blockers. On arrival, an 18-
gauge intravenous line was inserted in the right antecubital
vein for administration of contrast. Oral and/or intravenous
metoprolol was given if the resting heart rate was >65 beats/
min. Patients were scanned on a 320-detector-row CT
scanner (Aquilion ONE, Toshiba Medical Systems, Ota-
wara, Japan). The scan was acquired during injection of
55 ml of 100% iohexal 56.6 g/75 ml (Omnipaque 350, GE
Healthcare, Chalfont St Giles, United Kingdom) at 5 ml/s,
followed by 20 ml of a 30:70 mixture of contrast and saline,
followed by 30 ml of saline. Scanning was triggered in the
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1906arterial phase using automated contrast bolus tracking with
the region of interest placed in the descending aorta, and
automatically triggered at 300 HU.
Scan parameters for rest coronary CTA were as follows:
detector collimation 320  0.5 mm; tube current 300 to
500 mA (depending on BMI); tube voltage 120 kV if
BMI 25 (100 kV if BMI <25); gantry rotation time
350 ms; and temporal resolution 175 ms. Prospective elec-
trocardiographic gating was used covering 70% to 80% of
the R-R interval. For images acquired at heart rates 65
beats/min, scanning was completed within a single R-R
interval utilizing a 180 segment. In patients with a heart
rate >65 beats/min, data segments from 2 consecutive beats
were used for multisegment reconstruction with improved
temporal resolution of 87 ms. Images were reconstructed
using the ﬁltered back-projection technique with the FC03
algorithm.
The stress perfusion scan was performed 20 min after
coronary CTA with intravenous adenosine infusion
(140 mg/kg/min for 3 min), using prospective electrocar-
diographic gating covering phases 70% to 95% of the R-R
interval, tube settings, and contrast dose as for the rest scan.
The effective radiation dose was calculated by multiplying
the dose–length product by a constant (k ¼ 0.014 mSv/
mGy/cm) (12).
Coronary artery analysis in coronary CTA. CTA images
were analyzed on a dedicated workstation (Vitrea FX 2.0,
Vital Images, Minnetonka, Minnesota) by 2 experienced
CT angiographers (M.C.H.L. and S.K.S.) blinded to QCA
and FFR results. The CT angiographers read independently
of each other, and discrepant readings were reconciled byFigure 1 MDCT-IP
The multidetector computed tomography (MDCT) integrated transluminal attenuation grad
computed tomography perfusion (CTP) protocol (MDCT-IP). CTA ¼ computed tomographyconsensus. Image quality was determined by a 3-point scale:
1 ¼ poor, 2 ¼ moderate, and 3 ¼ good. All segments 1.5
mm were analyzed using the same 19-segment coronary
model for QCA (11). Each coronary segment was visually
assessed for degree of luminal stenosis, and a vessel was
considered signiﬁcant if there was 1 segment that was
nonevaluable or with 50% luminal stenosis.
Perfusion assessment was performed using both the stress
and rest images. Datasets were reconstructed at 3% R-R
intervals using a reconstruction kernel (FC03) that in-
corporates beam hardening correction (6,13). The phase
with the least cardiac motion was selected, and images were
interpreted using a narrow window width and level setting
(W300/L150), and an averaged multiplanar reconstruction
slice thickness of 3 to 5 mm, according to the American
Heart Association 17-myocardial segment model (14) with
disagreement resolved by a third reader. Segments with
signiﬁcant overlying artefacts were deemed uninterpretable
and excluded from analysis. Each segment was scored for the
presence or absence of a perfusion defect. Each myocardial
segment was speciﬁcally matched to its subtending major
epicardial artery, as determined by the course of the artery
and its branches on coronary CTA. For the combined
coronary CTA þ CTP analysis, vessels were considered
signiﬁcant when coronary CTA demonstrated 50% ste-
nosis and was associated with a reversible perfusion defect in
the vessel’s subtended territory.
Transluminal attenuation gradient. The centerline was
determined for each major coronary artery and was manually
corrected if necessary. Cross-sectional images perpendicular
to the vessel centerline were then reconstructed. The regionient by 320-detector row computed tomography (TAG320) and
angiography; IP ¼ integrated protocol.
Table 1 Patient Characteristics (N ¼75)
Age, yrs 64.0  10.8
Sex, M/F 52/24
Diabetes 14 (19)
Hypertension 62 (83)
Hypercholesterolemia 55 (73)
Current smoker 12 (16)
Family history of IHD 25 (33)
Known coronary artery disease 38 (51)
Previous MI 5 (7)
Previous PCI 9 (12)
Medications
Aspirin 61 (81)
Clopidogrel 20 (27)
Beta-blocker 42 (56)
ACE inhibitor 16 (21)
ARB 26 (35)
Statin 58 (77)
Calcium-channel blocker 25 (33)
Values are mean  SD, n, or n (%).
ACE ¼ angiotensin-converting enzyme; ARB ¼ angiotensin receptor blocker; IHD ¼ ischemic
heart disease; MI ¼ myocardial infarction; PCI ¼ percutaneous coronary intervention.
JACC Vol. 63, No. 18, 2014 Wong et al.
May 13, 2014:1904–12 Combined CT Techniques to Assess Invasive FFR
1907of interest contour (size ¼ 1 mm2) was positioned in the
center of the cross-sectional images. The position of the
region of interest was manually adjusted. The mean luminal
radiological attenuation (in Hounsﬁeld units) was measured
at 5-mm intervals, from the ostium to a distal level where the
cross-sectional area fell below 2.0 mm2. TAG320 was
determined from the change in Hounsﬁeld units per 10-mm
length of the coronary artery and deﬁned as the linear
regression coefﬁcient between intraluminal radiological
attenuation (in Hounsﬁeld units) and length from the
ostium (in millimeters) (4,15). A TAG320 cutoff of 15.1
HU/10 mm was deﬁned as signiﬁcant, as previously
described (4). For the combined TAG320 þ CTA assess-
ment, vessels were classiﬁed as negative if CTA <50%
stenosis. Vessels were classiﬁed as positive if CTA 50%
and TAG320 was 15.1 HU/10 mm.
The stenosis and plaque characteristics were classiﬁed in
each lesion. Vessels were classiﬁed as noncalciﬁed if the most
stenotic segment was noncalciﬁed. Vessels were classiﬁed as
calciﬁed if the most stenotic segment was calciﬁed or
partially calciﬁed.
MDCT integrated TAG320 and CTP protocol
(MDCT-IP). The MDCT-IP was classiﬁed negative if
stenosis <50% was detected on CTA. If the CTA
showed 50% stenosis, the MDCT-IP was classiﬁed as
positive if a perfusion defect was detected on CTP in a
territory corresponding to the stenosis or if the TAG320
was 15.1 HU/10 mm (Fig. 1).
Statistical analysis. Continuous variables are expressed as
mean  SD or median (quartiles) as appropriate, whereas
categorical variables are expressed as percentages. Contin-
uous and categorical variables were compared using the
Student t test, Mann-Whitney test, or chi-square test as
appropriate. Owing to the repeated measures nature of the
study, a generalized estimating equation approach was used,
assuming a binomial probability distribution.
Receiver-operating characteristic curve analysis was per-
formed to evaluate the discriminatory ability of CTA,
CTP þ CTA, TAG320 þ CTA, and MDCT-IP for
FFR 0.8. The incremental value of adding TAG320 and
CTP to CTA in discriminating signiﬁcant FFR was
assessed using the integrated discrimination improvement
(IDI) index as described by Pencina et al. (16):
IDI ¼ ðISnew  ISoldÞ  ðIPnew  IPoldÞ
where “new” refers to a model containing a novel diagnostic
tool of interest in addition to conventional risk-predictors, and
“old” pertains to the model containing only the conventional
risk markers. IS and IP are the integrals of sensitivity and
1  speciﬁcity, respectively. In addition, the category-free net
reclassiﬁcation index (NRI) for identiﬁcation of FFR 0.8
using TAG320 over CTA was calculated (16).
Statistical analysis was performed with SPSS version 18.0
(SPSS, Chicago, Illinois) and STATA version 12.1 (Stata-
Corp., College Station, Texas). A p value <0.05 was
considered statistically signiﬁcant.Results
Clinical characteristics. Seventy-ﬁve consecutive patients
who underwent CTA, CTP, and clinically indicated coro-
nary angiography, as well as assessment of FFR, were
studied. A total of 127 vessels were evaluated. TAG320
analysis could be performed in 64 patients (85%) and 97
vessels (76.4%). Vessels were nonevaluable because of the
intramyocardial course of the left anterior descending artery
(n ¼ 3), branch or small vessel (n ¼ 8), calciﬁed disease
(n ¼ 15), and signiﬁcant artefact (n ¼ 4). The overall patient
cohort age was 64.0  10.8 years, with 52 (69%) men.
Patient characteristics are summarized in Table 1. The mean
estimated radiation effective dose for CTA, CTP, and
CTA þ CTP in our study was 4.6, 4.8, and 9.8 mSv,
respectively. The CT scan parameters are summarized in
Table 2.
Fractional ﬂow reserve. FFR was measured successfully in
all 75 patients, involving 127 vessels (57 left anterior
descending arteries, 31 left circumﬂex arteries, and 39 right
coronary arteries). Thirty-eight (51%) patients received FFR
interrogation in the territory of 1 vessel, 22 (29%) in 2
vessels, and 15 (20%) had the territories of all 3 vessels
interrogated. Overall, FFR readings ranged from 0.32 to 1.0
(mean 0.82  0.15). Forty-four vessels (35%) were classiﬁed
with functionally signiﬁcant stenoses with FFR 0.8,
whereas 83 vessels had FFR >0.8.
Accuracy of invasive QCA compared with FFR. On a
per-vessel basis, 37 (29%) vessels had 50% stenosis on
QCA, whereas 12 (9%) had 70% stenosis. The sensitivity,
speciﬁcity, PPV, and NPV of QCA of 50% in predicting
signiﬁcant FFR were 61%, 88%, 73%, and 81%, respectively.
Meanwhile, the sensitivity, speciﬁcity, PPV, and NPV of
QCA 70% in predicting signiﬁcant FFR were 25%, 99%,
92%, and 71%, respectively (Table 3).
Table 2 CT Scan Parameters (n ¼ 75)
CTA CTP
Heart rate, beats/min 55.1  7.5 67  13
Beta blocker usage
Oral metoprolol 48 (64)
Intravenous metoprolol 19 (25)
Beta-blocker dose, mg
Oral metoprolol 44  49
Intravenous metoprolol 3.1  7.5
Tube voltage, kV 119  4 119  4
Tube current, mAs 486  58 421  61
Dose–length product, mGy $ cm 257 (224;295) 310 (197;446)
Estimated radiation effective dose, mSv 4.6  3.2 4.8  3.5
Values are mean  SD, n (%), or median (quartiles;quartiles).
CT ¼ computed tomography; CTA ¼ computed tomography angiography; CTP ¼ computed
tomography perfusion.
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were 22 (17%) vessels that had severe calciﬁcation in which
signiﬁcant stenosis could not be excluded. These vessels
were classiﬁed as 50% stenosis and were included in the
analysis. In the vessels interrogated with FFR, 68 (54%)
vessels were identiﬁed to have 50% stenosis on CTA. The
sensitivity, speciﬁcity, PPV, and NPV of CTA for the
identiﬁcation of FFR-signiﬁcant stenoses were 89%, 65%,
57%, and 92%, respectively (Table 3). The c-statistic of
CTA for the prediction of FFR 0.8 was 0.77 (0.68 to
0.85).
Accuracy of combined CTP and CTA assessment
compared with FFR. The combined CTP and CTA
assessment could be performed in 123 (97%) vessels. CTP
assessment could not be performed in 4 vessels because of
artefacts. On a per-vessel basis, 32 (25%) vessels were
identiﬁed to have 50% stenosis on CTA with a corre-
sponding perfusion defect identiﬁed on CTP. The sensi-
tivity, speciﬁcity, PPV, and NPV of the combined
assessment of CTP þ CTA for the identiﬁcation of FFR-
signiﬁcant stenoses were 76%, 89%, 78%, and 88%,
respectively (Table 3). The c-statistic for combined assess-
ment of CTP þ CTA for the prediction of FFR 0.8 was
0.825 (0.74 to 0.91).
Accuracy of TAG320 and of combined TAG320D CTA
compared with FFR. The TAG320 and combined
TAG320 þ CTA assessments could be performed in 97Table 3
Per-Vessel Territory Diagnostic Accuracy
Combined CTA þ TAG320, and MDCT-IP
QCA >50%
(n ¼ 127)
QCA >70%
(n ¼ 127)
CTA
(n ¼ 127
Sensitivity, % 61 25 89
Speciﬁcity, % 88 99 65
PPV, % 73 92 57
NPV, % 81 71 92
*The integrated CTA þ TAG320 þ CTP protocol.
FFR ¼ fractional ﬂow reserve; IP ¼ integrated protocol; MDCT ¼ mu
PPV ¼ positive predictive value; QCA ¼ quantitative coronary angiograph
computed tomography; other abbreviations as in Table 2.(78%) vessels. Median TAG320 in FFR-signiﬁcant vessels
was signiﬁcantly lower when compared with nonsigniﬁcant
vessels (19 [26 to 13] vs. 10 [16 to 5] HU/
10 mm, p < 0.001). A TAG320 cutoff of 15.1 HU/
10 mm predicted FFR 0.8 with a sensitivity of 71%,
speciﬁcity of 77%, PPV of 63%, and NPV of 83%, respec-
tively. When CTA was combined with TAG320, this
yielded a sensitivity of 73%, speciﬁcity of 97%, PPV of
92%, and NPV of 87% (Table 3). The c-statistic for the
combined assessment of TAG320 þ CTA for the predic-
tion of FFR 0.8 was 0.848 (0.752 to 0.944).
Accuracy of MDCT-IP compared with FFR. The
MDCT-IP approach could be performed in 117 vessels. On
a per-vessel analysis, 35 (28%) vessels were identiﬁed to be
signiﬁcant. The sensitivity, speciﬁcity, PPV, and NPV of
CTA for the identiﬁcation of FFR signiﬁcant stenoses
were 88%, 83%, 74%, and 93%, respectively (Table 3). The
c-statistic for combined assessment of CTP þ TAG320 þ
CTA (MDCT-IP) for the prediction of FFR 0.8 was
0.854 (0.778 to 0.93).
Comparison of CTP D CTA, TAG320 D CTA, and
MDCT-IP in predicting FFR. In the comparison of the
diagnostic accuracy of the combined assessment of CTP þ
CTA, TAG320 þ CTA, and MDCT-IP, 97 vessels that
could be assessed by all 3 methods were included for anal-
ysis. Using the generalized estimating equation, the pre-
dictive value of CTP þ CTA (p ¼ 0.003) and TAG320 þ
CTA (p ¼ 0.002) were comparable. The c-statistics for the
combined assessment of CTP þ CTA (0.845) and
TAG320 þ CTA (0.844) were also comparable (p ¼ 0.98).
The c-statistic for MDCT-IP was 0.905. On a global
comparison of receiver-operating characteristic curves for
all 3 methods, MDCT-IP was the best predictor of signif-
icant FFR (p ¼ 0.01). The MDCT-IP approach resulted in
a marked increase in sensitivity and a mild decrease in
speciﬁcity compared with CTA þ CTP and CTA þ
TAG320 (Table 4). The diagnostic accuracy of the 3
methods in 97 vessels is summarized in Table 4.
Accuracy of CTP D CTA, TAG320 D CTA, and
MDCT-IP in predicting FFR in calciﬁed vessels. Fifty
of 127 vessels were classiﬁed as calciﬁed based on qualita-
tive assessment. TAG320 þ CTA assessment was limited
to 38 vessels, CTP þ CTA and MDCT-IP could be
performed in 48 and 46 vessels, respectively. The diagnosticof QCA, Coronary CTA, Combined CTA þ CTP,
Assessments, Compared With FFR
)
CTA þ TAG320
(n ¼ 97)
CTA þ CTP
(n ¼ 123)
MDCT-IP*
(n ¼ 117)
73 76 88
97 89 83
92 78 74
87 88 93
ltidetector computed tomography; NPV ¼ negative predictive value;
y; TAG320 ¼ transluminal attenuation gradient by 320-detector row
Table 4
Per-Vessel Diagnostic Accuracy of CTA þ TAG320,
CTA þ CTP, and MDCT-IP Methods in 97 Vessels
CTA þ TAG320 CTA þ CTP MDCT-IP*
Sensitivity, % 73 81 97
Speciﬁcity, % 97 87 84
PPV, % 92 76 76
NPV, % 87 90 98
*The integrated CTA þ TAG320 þ CTP protocol.
Abbreviations as in Tables 2 and 3.
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Appendix.
Incremental value of adding CTP to CTA, and TAG320
to CTA in discriminating signiﬁcant FFR. There was
incremental value in adding CTP to CTA assessment for
detection of signiﬁcant FFR by the IDI index. The IDI for
the addition of CTP to CTA for detection of signiﬁcant
FFR was 0.18 (p < 0.0001), whereas the category-free NRI
was 1.30 (p < 0.0001). There was also incremental value in
adding TAG320 to CTA assessment for detection of sig-
niﬁcant FFR by NRI (1.39, p < 0.0001) and IDI (0.21, p ¼
0.0002).Figure 2 Representative Example of LAD With Abnormal TAG320, C
(A) Left anterior descending coronary artery (LAD) with moderate obstructive plaque burd
(C) LAD with severe stenosis on invasive angiography. (D) Perfusion defect in mid-anteroIncremental value of adding CTP and TAG320 to CTA
in discriminating signiﬁcant FFR. There was also
convincing evidence of the incremental value of adding CTP
and TAG320 to CTA assessment (MDCT-IP) for detec-
tion of signiﬁcant FFR by NRI (1.46, p < 0.0001) and IDI
(0.26, p < 0.0001). In addition, MDCT-IP also had in-
cremental value over TAG320 þ CTA assessment by NRI
(0.93, p < 0.0001) and IDI (0.12, p < 0.0001). MDCT-IP
also had incremental value over CTP þ CTA assessment by
NRI (1.45, p < 0.0001) and IDI (0.10, p < 0.0001).Discussion
In this study, we have compared for the ﬁrst time, to our
knowledge, the diagnostic accuracy of the combined
assessment of CTP þ CTA and of TAG320 þ CTA ob-
tained using 320-detector row CT with invasive functional
standard, FFR, as reference. We have also demonstrated for
the ﬁrst time the diagnostic accuracy of an integrated
approach (MDCT-IP) that combines 3 modalities (CTA,
CTP, and TAG320) in discriminating functionally signiﬁ-
cant coronary arterial stenoses.TP, and FFR Measurements
en on CTA. (B) The TAG320 was 26.1, fractional ﬂow reserve (FFR) was 0.51.
septum and anterior wall on CTP. Abbreviations as in Figure 1.
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row CT with FFR as the reference standard. On the
basis of the results from the FAME (Fractional ﬂow reserve
[FFR] vs. Angiography in Multivessel Evaluation) study, it
is widely accepted that revascularization based on the
functional signiﬁcance of coronary artery stenoses as
opposed to anatomic assessment translates to lower cost and
better outcome (8). Therefore, FFR, which is the gold
standard of functional assessment of coronary artery stenosis,
was chosen as the reference in this study. Ideally, the
anatomic and functional signiﬁcance of disease can be
determined using a single noninvasive imaging modality in a
single examination. To date, the only noninvasive method
that has shown promise is MDCT, with previous studies
having demonstrated the diagnostic accuracy and incre-
mental predictive value of combined CTP and CTA
assessment over CTA alone (6,17). However, this assess-
ment requires 2 separate (stress and rest) scans that require
additional radiation exposure and contrast. In our study,
combined CTP and CTA assessment was associated with a
mean radiation dose of 9.8 mSv compared with 4.6 mSv for
CTA alone. Therefore, efforts have been made to develop
MDCT techniques that can assess the functional signiﬁ-
cance of coronary artery stenoses without adenosine
administration and additional contrast and radiation. TAG
is a technique based on the kinetics of iodinated contrast
across coronary artery stenoses that has recently shown
promise for coronary artery stenosis assessment (15,18)
(Fig. 2). The 320-detector row CT, by enabling near iso-
phasic, single-beat imaging of the entire coronary tree,
is ideal for TAG assessment (4,19). We have recently
demonstrated the diagnostic accuracy and incremental pre-
dictive value of combined CTA and TAG320 assessment
over CTA alone on a 320-detector CT (4). Nonetheless,
no studies have compared the diagnostic accuracy of
the combined assessment of CTP þ CTA and TAG320Figure 3 Representative Example of LAD With Abnormal CTP and FF
Because of an artefact in the mid-vessel, TAG320 analysis was not possible. (A) LAD wi
in the mid anterior wall imaged by CTP. (C) LAD with severe stenosis on invasive coronaþ CTA. In addition, the diagnostic accuracy of the com-
bined assessment of CTP þ TAG320 þ CTA (MDCT-IP)
has not been described.
Diagnostic accuracy of CTA, combined CTP D CTA,
and TAG320 D CTA assessments. The high sensitivity
(89%) and NPV (92%), but modest speciﬁcity (65%) and
PPV (57%), of CTA in our study is comparable to previous
studies (2,17). Meanwhile, there have only been 3 previous
studies that have compared the diagnostic accuracy of
combined CTP and CTA assessment with FFR as the
reference standard (3,6,17). The improved speciﬁcity (89%),
but reduced sensitivity (76%), with combined CTP and
CTA assessment in our study is comparable to the 3 pre-
vious studies that have described speciﬁcities that ranged
from 90% to 95% and sensitivities of 68% to 87%. The
diagnostic accuracy of the combined TAG320 and CTA
assessment has only been reported in our previous study (4).
Combined TAG320 and CTA in this study showed
excellent speciﬁcity (97%) with modest sensitivity (73%),
whereas the c-statistic was 0.848, which is comparable to our
previous study (area under the curve [AUC] ¼ 0.89). It is,
however, likely to be superior to the diagnostic accuracy
(AUC ¼ 0.63) of TAG assessment on 64-detector row
MDCT (20).
Comparison of the diagnostic accuracy of combined
CTP D CTA, TAG320 D CTA, and CTP D
TAG320D CTA (MDCT-IP). Calciﬁed disease remains
an important challenge for the interpretation of CTA. Up to
33% of patients may have unevaluable coronary segments as
a result of the presence of extensive calciﬁcation (17,21). Our
study had a higher prevalence of calciﬁed vessels (50 vessels,
39%) compared with some recent studies (24 vessels, 29%)
(20), which may limit CTA and TAG320 assessment. As a
result, 22 vessels could not be reliably assessed by CTA,
whereas TAG320 assessment could not be performed in
9% of patients. Because TAG320 assessment involvesR Measurements
th a signiﬁcant artefact in the mid-vessel on CTA. (B) Perfusion defect noted
ry angiography. The FFR was 0.69. Abbreviations as in Figures 1 and 2.
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1911measurement of mean luminal radiological attenuation
(Hounsﬁeld units) at 5-mm intervals from the ostium to a
distal level, it is more susceptible to the inﬂuence of calci-
ﬁcation and artefact in the entire epicardial coronary artery
course (Fig. 3). Its diagnostic utility is also uncertain in
branch vessel disease. These factors limited the number of
vessels that could be assessed by TAG320 in this study.
In order to compare the diagnostic accuracy of CTP þ
CTA, TAG320 þ CTA, and MDCT-IP, we compared 97
vessels that were successfully assessed by all 3 methods. To
our knowledge, this is the ﬁrst study that has compared the
diagnostic accuracy of these novel assessments. We found
that the diagnostic accuracy of the combined assessment
of TAG320 þ CTA (AUC ¼ 0.844) and combined CTP þ
CTA (AUC ¼ 0.845) was comparable. In addition, we
demonstrated that the combined assessment of CTP þ
TAG320 þ CTA (MDCT-IP) had the best diagnostic
accuracy (AUC ¼ 0.91). The MDCT-IP approach was
superior to the combined assessment of TAG320 þ CTA
or CTP þ CTA. Our study highlights a potential practical
application for MDCT as a “1-stop shop” noninvasive
assessment of coronary artery stenosis that might also
address function. In this cohort, the addition of CTP
resulted in the successful evaluation of 123 (97%) vessels.
The addition of CTP to CTA and TAG320 analysis
signiﬁcantly increased the number of vessels that could be
evaluated in this study.
Study limitations. Our results represent a retrospective
single-center experience involving 75 patients who under-
went clinically indicated FFR, and hence needs conﬁrmation
with larger prospective multicenter studies with FFR per-
formed routinely or on a research basis. In the studied
cohort, 3-vessel FFR data were not available, hence limiting
the general applicability of our ﬁndings. We have accord-
ingly presented the accuracy data on a per-vessel basis.
Although there is incremental predictive value of TAG320
when added to CTA, its utility at this stage is limited to
vessels without signiﬁcant calciﬁcation, vessels with a cross-
sectional area greater than 2.0 mm2 (or diameter greater than
1.6 mm), and vessels not affected by artefact anywhere along
their entire course. Despite the well-controlled heart rate
(mean of 55 beats/min) of patients in this study, which has a
high prevalence of patients with known coronary artery
disease, TAG320 evaluation cannot be done in all vessels
because heavily calciﬁed vessels are often not evaluable by
TAG320. In this study, calcium scores were not performed.
We therefore could not explore whether a certain cutoff of
the calcium score would render TAG320 uninterpretable,
leading to the need for CTP as an upfront ischemic
assessment in certain patients. Future studies and tech-
nological advances are required to improve the utility of
TAG320 in these vessels. In addition, the utility of
TAG320 also needs to be validated using more current
acquisition and reconstruction protocols such as the model-
based iterative reconstruction algorithm (“AIDR-3D”).
Lastly, the interpretation of CTP has been performed in thesame setting as CTA, which may introduce bias. Combined
interpretation has been chosen as recommended by guide-
lines, in preference to separate blinded interpretations of
CTA and CTP (13).Conclusions
Based on the results of the study, combined assessment of
TAG320 þ CTA and of CTP þ CTA provides comparable
diagnostic accuracy for functional assessment of coronary
artery stenosis in vessels without signiﬁcant calciﬁcation or
artefacts. Combined assessment of TAG320 þ CTP þ
CTA (MDCT-IP) may provide improved diagnostic accu-
racy for functional assessment of coronary artery stenosis.
Larger studies are required to determine the diagnostic and
prognostic value of these assessments.
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